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Abstract
Organic light emitting diodes (OLED) have received a great deal of attention
in the research community in the past few decades. This work focuses on OLEDs utilizing the donor-acceptor operational approach. In specific a single layer device architecture with an emissive layer of copolymerized hole and electron transport moieties in
an effort to frustrate phase segregation that can occur during device operation. A new
methacryalate based oxadiazole monomer, 4-[5-(biphenly-4-yl)- 1,3,4-oxadiazol-2-yl]
phenyl methacrylate (mPBD) an electron transporter, was successfully synthesized.
The new monomer was copolymerized with N-vinylcarbazole (VK), a hole transporter,
to form statistical copolymers. The glass transition of the copolymers follows the Fox
equation, indicating a lack of preferential interactions between similar and dissimilar
pendant groups. OLED devices containing copolymers of varying composition and
coumarin 6 were fabricated and tested. Copolymer devices surpassed 100 cd/m2 but
failed to reach 1 cd/A efficiency. The copolymer with a 0.501 mole fraction VK proved
to give the highest luminance and luminous efficiency.
It is also of intrest to synthesize colloidal OLEDs for future printing applications. Homopolymer colloids of poly(N-vinylcarbazole) (PVK) and poly(4-[5(biphenly-4-yl)- 1,3,4-oxadiazol-2-yl] phenyl methacrylate) (PmPBD) were successfully synthesized and their corresponding colloidal copolymers were synthesized. The
copolymer colloids exhibited an odd photoluminescent shift and broadening with
ii

colloid concentration. Reabsorption and then subsequently re-emission at a lower
wavelength seems to be the best explanation for the broadening and bathochromic
shift with increased colloid concentration.
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Chapter 1
Introduction
Organic light emitting diodes (OLED) have received a great deal of attention
in the research community in the past few decades. OLEDs have been produced that
surpass the brightness and efficiency of conventional incandescent lighting. [2, 29]
Since the 1990s when polymeric light emitting devices were first demonstrated, a
majority of devices presented in the literature utilized a donor-acceptor operational
approach that exploited the use of hole and electron transport materials to balance
charge flow. Two main approaches have been employed in research. The first approach separates the hole and electron transport materials into layers referred to as
multi-layer devices. [21, 38] These devices often employ complex techniques for device
fabrication. Spin coating, for example would be difficult to utilize since sequential
spin coating can dissolve previous layers. [28, 36] Alternately, single layer devices are
utilized where the hole and electron transport materials act as host to an electroluminescent dopant and can be easily spun cast. [29, 24, 37] A common single layer device
architecture blends poly(N-vinyl carbazole) (PVK, Figure 1.1) and 2-(biphenyl-4-yl)5-(4-tert-butylphenyl)-1,3,4-oxadiazole (tBuPBD, Figure 1.2) developed by Mori and
his colleagues in 1992 [31] and since then many have tried to optimize the system.
1

Figure 1.1: Poly(N-vinylcarbazole) (PVK)

Figure 1.2: 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (tBuPBD)

[18, 22, 42] This type of device exploits PVK as a hole transport material blended with
tBuPBD as an electron transport material and the desired emission occurring at a
fluorescent or phosphorescent dye through electron-hole recombination. [18, 22, 42, 5]
The Förster energy transfer from the electron transporter to hole transporter is an
interaction of dipoles within 30-100 Å of each other. [29] The strong spatial dependence of the recombination necessitates that the PVK and tBuPBD stay molecularly
dispersed to insure optimal device performance. Prior studies indicate that measurable phase separation of PVK and tBuPBD occur during spin coating, which leads to
performance degradation. [18, 9, 30] It is important to note that the holes and electrons do not travel at the same rate across the film. Therefore, to maintain balanced
charge flow, the ratio of PVK to tBuPBD needs to remain constant. To overcome
this problem, a monomer containing an oxadiazole pendant group will be synthesized
and copolymerization will be used to control dispersability.
This work focuses on improving the limited device lifetime and morphology of

2

PVK and tBuPBD blends through the synthesis and characterization of a methacrylate based monomer with a pendent oxadiazole group with efforts later in producing
colloidal electroluminescent inks. The specific objectives are:
• Have the ability to systematically change the electron withdrawing characteristics of the monomer by changing the moieties around the oxadiazole group.
• Ensure dispersion by copolymerizing oxadiazole monomer with a carbazole containing monomer.
• Development of colloidal based OLED’s.

3

Chapter 2
Related Work
As discussed in the introduction this work is separated into several smaller
parts that encompass the whole of the project.
• Synthesize oxadiazole monomers with a route that is facile to alter.
• Copolymerizing the oxadiazole monomer with a carbazole containing monomer.
• Development of colloidal based OLED’s for future printing applications.

2.1

Work Related to Oxadiazole Monomer Synthesis
A versatile method for oxadiazole monomer synthesis was developed to satisfy

the first research objective. Developing a synthetic route for the oxadiazole monomers
can be broken down into two steps: synthesizing the oxadiazole group and attaching
a polymerizable moiety. There are two prominent reactions for oxadiazole synthesis,
shown in figure 2.1 and 2.2. Both reaction schemes allow for the production of oxadiazoles containing different substituents without having to change the reaction. It has
4

Figure 2.1: Reaction between tetrazoles and acid chlorides.

been observed that figure 2.2 has percent yields as low as forty percent for the oxadiazole forming step alone. [26, 43] Figure 2.1 does not have this problem, with yields
in the 90% range. [17] The tetrazoles for figure 2.1 can be produced by the conversion
of a nitrile with sodium azide and ammonium chloride. [17] This reaction (figure 2.1)
is convenient since a wide variety of aromatic nitriles and aromatic acid chlorides
are available for purchase. The next step in the synthesis of oxadiazole monomers
is attaching polymerizeable moieties. Research has focused on attaching three main
types of polymerizeable moieties: vinyl groups [11, 12, 3], acrylic/methacrylic groups
[12, 26, 43], and styrenic groups [17, 12, 40]. The methacrylate moiety is of special interest due to the flexible linkage between the pendant group and the polymer
backbone and the simplistic synthesis by a standard acid chloride reaction with an
alcohol. The methacrylate based monomer proposed utilizes commercially available
chemicals to synthesize 4-[5-(biphenyl-4-yl)-1,3,4-oxadiazol-2-yl]phenyl methacrylate
(mPBD, figure 2.3). Due to structural similarities of mPBD with tBuPBD, the objective was to produce polymers that have comparable electron transporting properties
without the crystallization problems of tBuPBD.
A monomer similar to the one produced in this research has been synthesized
previously [26] and is shown in figure 2.4. The carbon between the ester and oxadiazole pendant groups in 4-[5-(biphenyl-4-yl)-1,3,4-oxadiazol-2-yl]benzyl methacrylate
(mBzBD) (Figure 2.4) is an important difference as compared to the monomer synthe5

Figure 2.2: Cyclization of diacyl hydrazines prepared by the reaction of hydrazides
with acid chlorides [19-21].

Figure 2.3: 4-[5-(biphenyl-4-yl)-1,3,4-oxadiazol-2-yl]phenyl methacrylate (mPBD)

Figure 2.4: 4-[5-(biphenyl-4-yl)-1,3,4-oxadiazol-2-yl]benzyl methacrylate (mBzBD)

6

sized in this work. Cacialli et al. found that this monomer suffered from degradation
problems and theorized that alpha carbon bond cleavage at the carbon between the
ester and aromatic groups could be the mechanism of decomposition. [9] If this is
the case, the studied monomer (mPBD, figure 2.3) will not be able to be cleaved
by the aforementioned mechanism. The impact of this one carbon can be seen in
the glass transitions (Tg ) of 169 ◦ C and 191 ◦ C for poly(mBzBD) and poly(mPBD)
(PmPBD) respectively. [26] The higher Tg of PmPBD suggests improved performance
and lifetime.

2.2

Work Related to Polymer Synthesis
To control dispersability, it is advantageous to disperse two structurally similar

polymers that incorporate the oxadiazole and carbazole moieties or copolymerize two
structurally similar monomers together that incorporate these moieties. [17, 12, 16,
33] From an engineering standpoint, a copolymer offers the obvious advantage of being
a single material instead of a blend of similar polymers, which would lead to greater
variability between devices. This assumes that a random copolymer can be synthesized as opposed to block copolymer. Recently we reported on copolymerization of
methacrylate-based carbazole and oxadiazole monomers. [15] In the paper, the photoand electro-luminescent characteristics for copolymers of 2-(9H-carbazol-9-yl)ethyl
methylacrylate (MMAK, figure 2.5) and 4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2yl]phenyl methylacrylate (MMAO, figure 2.6) were studied in depth. Evanoff et al.
found evidence of monomeric and chromophore aggregation emission in the photoluminescence (PL) studies and electromer emission in the electroluminescence (EL)
studies. [15]
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Figure 2.5: 2-(9H-carbazol-9-yl)ethyl methylacrylate (MMAK)

Figure 2.6:
(MMAO)

4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl methylacrylate

8

2.3

Work Related to Colloidal Electroluminescent
System
Recently our group has reported on efforts in flexographic roll-to-roll printing

of colloidal electroluminescent devices. Huebner et. al. utilized a miniemulsion
technique to synthesize colloids of PVK, tBuPBD, and an electroluminescent dye.[14]
The paper illustrates that is is possible to produce ink from colloidal systems that can
be successfully printed. Three colloid colors were developed with red, green and blue
emissions which were then mixed together to produce a wide range of wavelengths
that were easily tailored.[14] The miniemuslion technique for synthesis is quick but it
produces particles with a large polydispersity, in this case colloids ranging from 20 nm
to 135 nm.[14] Another disadvantage is the use of the small molecule tBuPBD which
has shown in other studies to phase segregate and crystalize with heat caused by
device operation. This is overcome in the research discussed within through the use
of an emulsion polymerization that produced more uniform colloids and a copolymer
of the hole and electron transporting groups.
Yoon et. al. utilized a similar method as will be described latter for a cosolvent emulsion with toluene and N-vinylcarbazole.[41] The nanoparticles synthesized exhibited a narrow size dirstibution (figure 2.7) and the work also synthesized hollow PVK colloids. This paper was followed up by Kong et. al. that noticed a broadened and red shifted (bathochromic shift) photoluminescence spectra
for poly(N-vinylcarbazole) nanoparticles as shown in figure 2.8.[23]

9

Figure 2.7: TEM images (a-c) and the particle size distribution (d-f) of PVK nanoparticles with V-50 initiator under different concentration of VCz in toluene. (a and d)
10 wt%, (b and e) 20 wt%, (c and f) 30 wt%

10

Figure 2.8: Left: Normalized PL and PLE spectra of the PVK solution (solid line),
film (dashed line) and nanoparticles (dotted line). The PLE spectra of the PVK
solution, film and nanoparticles were measured at the monitoring emission wavelength
of 380, 405 and 430 nm, respectively. Right: Time-resolved fluorescence spectra of
the PVK THF solution and the PVK nanoparticles obtained by pumping at 345 nm
and probing at (a) 380 nm and (b) 430 nm.

11

Chapter 3
Experimental and Theoretical
Approaches
This work describes an ongoing thin film light emitting device project consisting of synthesizing new oxadiazole monomers and corresponding homo- and copolymers with carbazole monomers. Two monomers of specific interest are 4-(5(biphenyl-4-yl)-1,3,4-oxadiazol-2-yl)phenyl-2-methylacrylate (mPBD, figure 2.3) and
N-vinylcarbazole (VK, figure 1.1). VK is being used as the initial carbazole monomer
due to being extensively researched and commercially available. This will allow for
the comparison of the synthesized mPBD to other oxadiazoles in similar systems.
The project to this point has been divided into four phases:
1. The mPBD monomer was synthesized via a four step reaction scheme
2. Homo- and co-polymers of mPBD and VK were synthesized via a free radical
polymerization.
3. Synthesis of thin film devices.
4. Synthesis of electroluminescent colloids for future printing applications.
12

Figure 3.1: Synthesis of oxadiazole monomer: 4-(5-(biphenyl-4-yl)-1,3,4-oxadiazol-2yl)phenyl-2-methylacrylate (mPBD).

3.1

Monomer Synthesis
The monomer was synthesized by a four-step reaction outlined in figure 3.1.

The first step converts the nitrile in 4-methoxybenzonitrile (figure 3.1.1) to a tetrazole
(figure 3.1.2). This is accomplished by dissolving 4-methoxybenzonitrile (20.0 g, 150
mmol), sodium azide (14.65 g, 225 mmol), and ammonium chloride (12.04 g, 225
mmol) in N,N-dimethylformamide (150 mL, DMF). The solution was heated to 100
◦

C and stirred for 24 hours. After the solution cooled to room temperature it was

precipitated into 1200 mL of deionized water(DI, 18.2 Mcm). The aqueous solution
was acidified with dilute hydrochloric acid, the precipitate collected was thoroughly
washed with DI water and dried in a vacuum oven at 70 ◦ C.
The second reaction converts the tetrazole (figure 3.1.2) to an oxadiazole (figure 3.1.3). 4-tert-butylbenzoyl chloride (19.4 mL, 116 mmol) was added to a solution
of 5-(4-methoxyphenyl)-2H-tetraazole (105 mmol) in pyridine(150 mL). The reaction
mixture was refluxed under nitrogen for 2 hours at 115 ◦ C. After cooling to 50 ◦ C
13

the solution was transferred to 300 mL of DI water. The resulting precipitate was
washed thoroughly with DI water and dried in a vacuum oven at 70 ◦ C.
The third reaction is the demethylation of the oxadiazole pedant group (figure 3.1.3) to form an alcohol (figure 3.1.4).

A solution of 2-( biphenyl-4-yl)-5-

( 4-methoxyphenyl)-1,3,4-oxadiazole (65 mmol) in dichloromethane (200 mL) was
sparged with nitrogen at room temperature. Boron tribromide (30.7 mL, 324 mmol)
was added drop wise to the solution through an addition funnel and the reaction
mixture stirred under nitrogen for 24 hours. The resulting mixture was precipitated
in 1500 mL of DI water. The product was isolated, washed thoroughly, and dried in
a vacuum oven at 70 ◦ C. The crude product was recrystallized from acetic acid (b.p.
118 ◦ C) and dried in a vacuum oven at 70 ◦ C.
The final reaction attaches the methacrylate moiety through the nucleophilic
attack of the alcohol (figure 3.1.4). A solution of 4-[5-(biphenyl-4-yl)-1,3,4-oxadiazol2-yl]phenol (34 mmol) and triethyl amine(6.00 mL, 42.5 mmol) in DMF (50 mL) was
cooled in an ice bath and methacryloyl chloride (4.15 mL, 42.5 mmol) was added
drop wise. The reaction mixture was stirred for an hour at 0 ◦ C and then left to stir
overnight at room temperature. The resulting solution was precipitated into 500 mL
of DI water, washed thoroughly. The crude product was recrystallized from ethanol
(b.p. 78 ◦ C) and dried under a reduced pressure overnight.

3.2

Polymer Synthesis
With mPBD synthesized, homo- and co-polymers of/with VK were produced.

All polymerizations were carried out with 1 gram of monomer and 3 mg of azobisisobutyronitrile (AIBN) in 4.5 mL chlorobenzene (330 mg/mL solution) in a large
test tube sealed with a rubber septum. The solution was sparged for 40 seconds with
14

nitrogen to remove oxygen from the reaction vessel. [17] Polymerization occurred in
a 70 ◦ C oil bath for 17 hours. The resulting polymer was precipitated into chilled
methanol 3 - 5 times to remove any unreacted monomer. The polymer was dried in
a vacuum oven at 70 ◦ C before characterization.

3.3

Thin Film Device Fabrication
Indium tin oxide (ITO) anode on a glass substrate was masked with vinyl

tape and wet etched with hydrochloric acid. The surface was throughly cleaned with
solvent and an air plasma treatment. The emissive material, poly(VK-co-mPBD)
with coumarin 6 (0.3 wt %, green emitter), was dissolved in THF for subsequent
application. A 100 nm emissive layer was spun cast in an argon atmosphere at 2000
rpm for 40 seconds. The cathode consists of 30 nm of calcium followed by 100 nm of
aluminum that are evaporated through a mask onto the substrate under high vacuum.
The resulting cathode is two strips that run perpendicular to the ITO anode. Each
device synthesized had two pixels 2 mm by 2 mm.

3.4

Colloid Synthesis
All colloids were synthesized by emulsion polymerization using a 3 neck round

bottom flask (Chemglass CG-1524-82), a reflux condenser (Chemglass CG-1216-04),
a Teflon stir bar, and a heating mantel controlled by a Gemini (J-Kem Scientific)
temperature controller with thermocouple. The vessel also contained a nitrogen inlet
and inlet for the syringe pump (Sage instruments Syringe pump model 355).

15

3.4.1

For poly(vinylcarbazole) colloids
Vinyl carbazole (VK), dichloromethane (DCM), sodium bicarbonate and potas-

sium persulfate were used as received. Aerosol MA-80-1 surfactant (Cytec) a solution
of sodium di- 1,3-dimethylbutyl sulfosuccinate in water and isopropyl alcohol, was
donated by Cytec and also used as received. The round bottom flask was charged
with 0.068 g of sodium bicarbonate dissolved in 40 mL of DI water. The solution was
stirred at a constant rate of 450 rpm and sparged for 40 minutes for a thorough deoxygenation while the solution was heated to 40 ◦ C. After sparging, a nitrogen blanket
was maintained for the remainder of the reaction and 0.604 g of Aerosol Ma-80-1
dissolved in 5 ml of DI water was injected. The solution was allowed to equilibrate
for 15 minutes before 4.6308 g of VK dissolved in 5.3801 g of DCM was added at 0.16
mL/min. After all the monomer was added the temperature was increased to 70 ◦ C.
Once 70 ◦ C was reached 0.2882g of potassium persulfate in 5 ml of water was injected
and allowed to reflux for 1 hour. The polymerization was terminated by exposure
to atmosphere and allowed to cool to room temperature. The colloids were filtered
thorough loose cotton and dialyzed (Spectra/Por Dialysis Membrane 50,000 MWCO)
at 65 ◦ C against DI water with the water being replaced every 12 hours for a week.

3.4.2

For Poly (4-[5-(biphenly-4-yl)-1,3,4-oxadiazol-2-yl] phenyl
methacrylate)
4-[5-(biphenly-4-yl)-1,3,4-oxadiazol-2-yl] phenyl methacrylate (mPBD) was syn-

thesized as described previously is section 1.2.1. Chloroform, sodium bicarbonate and
potassium persulfate were used as received. Aerosol MA-80-1 surfactant (Cytec) a solution of sodium di- 1,3-dimethylbutyl sulfosuccinate in water and isopropyl alcohol,
was donated by Cytec and also used as received. The round bottom flask was charged
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with 0.0686 g of sodium bicarbonate dissolved in 40 mL DI water. The solution was
stirred at a constant rate of 450 rpm and sparged for 40 minutes for a thorough deoxygenation while the solution was heated to 40 ◦ C. After sparging, a nitrogen blanket
was maintained for the remainder of the reaction and 0.6515 g of Aerosol Ma-80-1
dissolved in 5 ml of water was injected. The solution was allowed to equilibrate for
15 minutes before 5.308 g of mPBD dissolved in 12.8231 g of chloroform was added
at 0.16 mL/min. After all the monomer was added the temperature was increased
to 70 ◦ C. Once 70 ◦ C was reached 0.2818g of potassium persulfate in 5 ml of water
was injected and allowed to reflux for 1 hour. The polymerization was terminated by
exposure to atmosphere and allowed to cool to room temperature. The colloids were
filtered thorough loose cotton and dialyzed (Spectra/Por Dialysis Membrane 50,000
MWCO) at 65 ◦ C against DI water with the DI water being replaced every 12 hours
for a week.

3.5

Characterization Methods
A JEOL Delta 2 300 MHz spectrometer was utilized to collect all 1 H and
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C Nuclear Magnetic Resonance spectra with tetramethylsilane as the internal ref-

erence. Ultraviolet-Visable spectra of the polymers were collected on a Perkin Elmer
Lambda 850 spectrophotometer. Molecular weights were determined for the polymers
(1 mg/mL in THF) by Gel Permeation Chromatography (chloroform at 1.0 mL/min),
using a Waters 515 pump, four 7.8 mm 300 mm Styragel columns (HR-2, 3, 4, 6) and
a Waters 2414 refractive index detector. The calibration curve utilized to determined
molecular weight consists of a narrow distribution polystyrene standards ranging in
molecular weight from 2,330 to 980,000 g/mol. The decomposition onset temperatures were measured in a nitrogen environment and scanned at a rate of 10 ◦ C/min on
17

a Hi-Res TGA 2950 TA Thermogravametric Analyzer. The glass transition temperatures for the polymers were determined in a nitrogen environment and scanned at a
rate of 10 ◦ C/min on a TA Instruments 2920 Differential Scanning Calorimeter calibrated with Indium. All device fabrication and performance testing was done under
an Argon atmosphere with less that 1 ppm O2 and H2 O levels in an MBraun Unilab
glovebox. A Specialty Coating Systems G3-P8 spin coater was utilized to spin cast
all polymer films. Calcium/ Aluminum cathodes were evaporated on the devices in a
Denton 502 vacuum evaporation chamber. Film thickness were measured on a Tencor
Instruments Alpha-step 200 prolometer. The devices current-voltage characteristics
were collected on a Keithley 228A current- voltage source and a Keithley 2001 digital
multimeter. The luminosity of devices was collected on a Konica Minolta Luminance
Meter LS-110.
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Chapter 4
Results
The oxadiazole monomer of interest, mPBD, was synthesized and the structure
was verified by 1 H nuclear magnetic resonance (NMR). There are three important
features for the NMR spectra of mPBD: a singlet that integrates to three for the
methyl group, two singlets that each integrate to one for the two protons on the
ethene, and the aromatic region should integrate to thirteen protons. The two protons
on the ethene are chemically inequivelent, two singlets as opposed to one, due to the
inability to rotate freely and one proton sitting closer to the ester linkage. The NMR
spectra for mPBD (appendix figure 6) has minimal contamination peaks and all the
features expected in the spectra are present. Table 4.1 compares the predicted NMR
peak positions (ACDLabs 11.0) with observed values in chloroform-d. ACDLabs
11.0 utilizes a large database containing experimental chemical shifts and coupling
constants to calculate the spectrum. The observed values are all within the error
of the predicted spectrum which supports the identity of the synthesized monomer
(table 4.1). ACDLabs 11.0 yeilded a match factor of 99 percent with 87 percent
reliability for the identity of the monomer.
The free radical polymerization of mPBD and VK to produce the correspond19

Table 4.1: Predicted and observed 1 H nuclear magnetic resonance (NMR) peak positions of mPBD in chloroform-d.
Group

Predicted Shift
(ppm)

7
8
10
11
13
14
16
17
22
23
24
25
26
28
29a
29b

8.14
7.40
7.40
8.14
8.18
7.86
7.86
8.18
7.60
7.51
7.40
7.51
7.60
2.04
6.26
5.74

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.12
0.17
0.17

Observed
Shift
(ppm)
8.20
7.34
7.34
8.20
8.23
7.78
7.78
8.23
7.66
7.48
7.48
7.48
7.66
2.09
6.40
5.82
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Table 4.2: Properties of various VK/mPBD copolymers and homopolymers synthesized via solution polymerization and emulsion polymerization . Composition were
calculated by fourier transform infrared spectroscopy as shown in figure 4.3.
Molecular weights with the notation * were not able to be determined due to solubility
issues.
Polymer

Compositiona

PVK
1
CVKmPBD 0.8897
0.7477
0.501
0.4683
0.3765
PmPBD
0
Colloidal:
PVK
1
CVKmPBD 0.957
0.442
PmPBD
0

Mw (g/mol)

Mw /Mn

198549
151085
198504
222055
52914
*
*

2.41
1.617
1.96
1.634
1.853

82553
15281
*
*

3.85
5.52

Decompositon
Onset (◦ C)
313.24

Tg (◦ C)

242.86
254.1
225.46
235.29
234.78

223.18
220.81
205.81
203.4
192.08
197.85
190.98

215.42
178.42
223.94
184.92

152.03
125.21
116.79
125.94

ing homo- and co-polymers had molecular weights (Mw ) ranging from 52,914 to
222,055 g/mol (table 4.2) and polydispersity indexes that are consistent with a free
radical polymerization. The copolymer colloids exhibited significantly lower molecular
weights and higher polydispersity indexes, which can be expected with the increased
difficulty of emulsion polymerization and the insolubility of the monomers in water.
Some molecular weights were unable to be determined due to their insolubility in
the chloroform, the solvent utilized in the GPC. It would be nessecary to use a gel
GPC with tetrahydrofuran as the solvent to determine the molecular weight of the
oxadiazole rich polymers. To further characterize the copolymers the compositions
were determined, the thermal properties were studied, and thin film devices were
synthesized and tested to failure. The copolymer colloids were further characterized
through scanning tunneling electron microscopy (STEM) and photoluminescence.
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Figure 4.1: UV-Vis absorption spectra for PmPBD (top) and PVK (bottom).
PmPBD has a maximum at 304 nm while PVK has a maximum at 294 nm.

4.1

Determination of Copolymer Composition
Composition can be determined through a plethora of methods including

ultraviolet-visible spectroscopy (UV-Vis), nuclear magnetic resonance (NMR), infrared spectroscopy (IR), elemental analysis, and differential index of refraction. The
first three methods mentioned are the straightforward methods and their application
to the synthesized copolymers will be discussed further.

4.1.1

Ultraviolet-Visible Spectroscopy
If unique absorption peaks occur for two homopolymers in the UV-Vis spectra

then it can be utilized to determine copolymer compositions. There are two main approaches to produce calibration curves. The first approach measures the absorption
(at the unique peak) of varying solution concentration separately for both homopoly22

mers. [34] Two calibration curves of absorbances as a function of homopolymer
concentrations are produced and both have to be utilized to find copolymer composition. [34] The second method can only be used if isosbestic points between same
concentration (moles) homopolymer spectra are present. [15] The absorption at the
isosbestic points are utilized to normalize the spectra. [15] The absorption is then
easily related to concentration and a calibration curve can be produced. For both
calibration curves discussed, the main consideration for utilizing UV-Vis in compositional studies is that the absorbance maxima cannot overlap completely. [34] PmPBD
clearly overlaps with all of the PVK absorbance spectra shown in figure 4.1. Although
UV-Vis is a powerful tool, it is not possible to utilize it for the composition of mPBD
and VK copolymers.

4.1.2

Nuclear Magnetic Resonance
The first thing to notice when comparing the NMR for the two homopolymers,

in figure 4.2, is that PmPBD does not have a unique peak. As can be seen PVK has a
rather interesting spectra due to the bulky, rigid ring structure that sits closely to the
polymer backbone. The proton and carbon spectra for PVK have been extensively
studied. [20, 19] The aromatic region (4-8 ppm) of the spectra is of special interest
for determining composition. Since the peaks from 8.5 to 6 ppm overlap, first instinct
was to compare the integration of the aforementioned area with the integration of
the peak at 4.85 ppm for PVK. Comparing these two areas gave negative compositions for oxadiazole rich polymers that clearly have features from both monomers
in the NMR. The proton at 4.85 ppm is shifted in the homopolymer spectra due to
ring current effects exerted by neighboring carbazole units and with incorporation of
another monomer the peak will no longer represent one proton. This effect causes
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PVK
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Figure 4.2: 1 H NMR of homopolymers PmPBD (top) and PVK (bottom) in
chlorofom-d.
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discrepancies in determining composition. NMR is normally a facile and quick way to
determine composition but the spectra of PVK and PmPBD are not discrete enough
to determine composition of the copolymers.

4.1.3

Infrared Spectroscopy
In the infrared spectroscopic region, the homopolymer spectra (figure 4.3)

contain unique peaks at 1322 cm−1 and 1747 cm−1 for the tertiary conjugated amine
in PVK and, the carbonyl group in PmPBD respectively. The calibration curve (figure
4.3) was prepared using films of homopolymer blends and compares the transmittance
ratios vs composition for the peaks at 1322 cm−1 and 1747 cm−1 [7]. The percent
transmittance varies with film thickness but this dependence is accounted for through
the comparison of the two peaks. The copolymer compositions were then calculated
from the calibration curve (cf. table 4.2).

4.2

Thermal Analysis
The glass transition (Tg ) is a technologically significant temperature where

coordinated molecular motion of the polymer backbone starts to occur. The Tg (table
3.2) were taken from a differential scanning calorimeter (DSC) on the second heating
cycle (10 ◦ C/minute). The copolymers always exhibited a single Tg for all composition
ratios. If multiple Tg were observed this would indicated phase separation. The lack of
apparent phase separation suggests that the copolymers have statistically distributed
monomers, and not block copolymers or mixtures of homopolymers that would cause
multiple Tg . A random dispersal of pendant groups in the copolymer is important for
efficient operation of the device, since carbazole transports holes through a hopping
mechanism. [32] The variation of Tg with copolymer compositions for the solution
25
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Figure 4.3: Top:FT-IR spectra of PVK and PmPBD homopolymers and the spectra of
the corresponding copolymers of varying mole fractions. Bottom: Variation of ratio
of infrared percent transmittance at 1322 cm−1 and 1747 cm−1 for PVK:PmPBD
blends. The solid line represents the equation of best fit.
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Figure 4.4: Plot of glass transition temperature versus the mole fraction of VK in
poly(VK-co-mPBD). The line represents the Fox fit. The glass transition was acquired
from the second heating cycle of a dynamic scanning calorimetry scan at a heating
rate of 10 ◦ C/min.
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polymerization follows the Fox equation [35]:
1
w1
w2
=
+
Tg
Tg1 Tg2

(4.1)

In equation 4.1, w is the mass fraction and a and b refer to the VK and mPBD
moieties. The Fox equation assumes that the monomers do not preferentially interact between similar and dissimilar pendant groups. If the pendant groups interact,
the copolymers can have glass transitions higher or lower than predicted by the Fox
equation. This occurs through stabilization or destabilization of the backbone thus
changing the amount of energy (in this case heat) needed to cause coordinated molecular motion in the polymer backbone. [27] The experimental points for Tg in figure
4.4 exhibit a Fox-like dependence for the solution polymerized copolymer which indicates a lack of preferential intermolecular interaction between monomers. This is
not the case for the copolymer colloids where the copolymers have lower Tg ’s than
that of either homopolymer indicating some form of monomer interaction to lower the
energy needed for coordinated molecular motion in the polymer backbone. The Tg s
are also much lower than those of the solution polymerized polymers. This can be
attributed to the much lower molecular weights found from emulsion polymerization.
[13] As discussed earlier, a higher Tg suggests improved performance and lifetime for
devices since heat is an inherent byproduct of the OLED’s. These results suggest that
polymers formed during an emulsion polymerization will not be as robust as those
synthesized by solution polymerization.
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Figure 4.5: Top: Current-voltage and luminosity characteristics for thin film based
polymeric light emitting diodes templated into 4 by 3 mm pixels. The plot depicted
is for a device containing 0.501 mol % VK of a poly(VK-co-mPBD) polymer and 0.3
wt % coumarin 6. Bottom: Composition dependence of the luminous efficiency for
thin film poly(VK-co-mPBD) devices with 0.3 wt % comarin 6.
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Table 4.3: Device characterization of thin film devices containing poly(VK-co-mPBD)
and coumarin 6.
Mole Fraction VK
0.8897
0.7477
0.501
0.501 PEDOT
0.501
PEDOT
wiped

4.3

Luminance
(cd/m2 )
178.0 ± 26.7
387.7 ± 15.0
680.8 ± 77.7
68.51 ± 24.39

Voltage
(V )
27.6 ± 5.6
25.0
27.5
29.7 ± 1.8

Current
(mA)
16.9 ± 5.7
13.9 ± 1.4
15.1 ± 1.1
6.54 ± 1.39

Luminous Efficiency
(cd/A)
0.140 ± 0.051
0.335 ± 0.036
0.541 ± 0.065
0.126 ± 0.030

348.10 ± 77.73

25.3 ± 1.6

12.03 ± 3.34

0.396 ± 0.168

Thin Film Device Testing
The poly(VK-co-mPBD) devices were made in varying compositions as shown

in table 4.3 from the solution polymerized copolymers. The device with a mole fraction of 0.501 VK produced the highest average luminance of 680 cd/m2 and luminous
efficiency of 0.541 cd/A. The compositional dependence of the luminous efficiency is
shown in figure 4.5 which shows that 0.501 mole percent VK has the highest luminous efficiency. Figure 4.5 also shows an average luminance plot but there is a weird
shoulder in the current v. luminance plots for all the devices that perform best. This
shoulder may be caused by a rearrangement due to the device heating up during working conditions. Copolymer devices surpassed the 100 cd/m2 mile stone of standard
displays but failed to reach the 1.44 cd/A milestone that PVK/PBD blends exhibit.
It has been shown previously that field effects can cause early device failure at the
edge of the patterned ITO. A study was conducted to see if depositing a thin PEDOT
film and then wiping away the PEDOT covering the ITO with a cotton swab that
is moistened with deionized water could alleviate these field effects. As shown in table 4.3 the luminance decreased drastically with the PEDOT film present. Although
the devices where the PEDOT covering the ITO was removed performed better than
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Figure 4.6: Scanning tunneling electron microscopy (STEM) images.
Left:
Poly(vinylcarbazole) colloids average particle size 41.4 ± 7.0 nm. Right: Colloidal
Poly (4-[5-(biphenly-4-yl)-1,3,4-oxadiazol-2-yl] phenyl methacrylate) average particle
size 47.1 ± 16.0 nm.

the PEDOT film counter parts, they still were not as efficient as the normal device
architecture.

4.4

Colloid Characterizations
Homopolymer colloids of poly(vinylcarbazole) and poly(4-[5-(biphenly-4-yl)-

1,3,4- oxadiazol-2-yl] phenyl methacrylate) were imaged with scanning tunneling electron microscopy with a resulting size distribution from a sampling of 100 colloids over
varying sections of the STEM sample were 41.4 ± 7.0 nm and 47.1 ± 16.0 nm respectively (figure 4.6). The colloids for both homopolymers appear to be fairly uniform.
The colloids were further characterized via photoluminescence which is an extremely
sensitive tool for electronic spectroscopy. These spectra are of particular significance
31
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Figure 4.7: Top: Normalized PL spectra of poly(VK-co-mPBD) colloids at varying
concentrations, a dry film of poly(VK-co-mPBD) and the colloids dissolved in chloroform. Bottom: Photoluminescence maxima shift versus radial distribution of colloids
with zero being represented by the spectra of the colloid dry film.
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for pled systems where matching of energies for the hole transport, electron transport
and dye are imperative for efficient light emission. Energetic mismatch leads to high
turn on voltages and variable charge carrier concentrations, thus the importance of
photoluminescence spectra.
The normalized photoluminescence (PL) spectra in figure 4.7 for poly(VKco-mPBD) colloidal aqueous suspension and the corresponding particles dissolved in
chloroform exhibits interesting spectral differences. With copolymer colloidal suspension at concentrations below 2.86*10−5 mg/mL, the spectra is in the same position as
the dissolved colloids but the former spectra is slightly broadened and the shoulder
at 412nm is not prominent (figure 4.7). As the concentration of the copolymer colloidal suspension is increased to 1.14*10−2 mg/mL, the copolymer colloids exhibits
broadening and a 46 nm shift dependent on concentration that is not apparent for
the respective homopolymer colloids but does resemble the spectra of the dry film of
colloids. PVK has documented excimer formation that has been recorded at 405 nm
and 430 nm [3,4] and the mPBD monomer did not exhibit an excimer at high concentration or within the colloid. The concentration dependence rules out intra-colloid
phenomena suggests inter-colloidal energy interaction, possibly aggregation, or even
reabsorption due to refraction between colloids. The aggregation hypothesis was not
corroborated with dynamic light scattering (DLS) analysis, which produced a singular distribution of colloid size at high concentration. Inter-colloid energy interaction
is very unlikely due to the fact that the colloids in aqueous suspension have a 492
nm inter colloid spacing for the most concentrated solution. Reabsorption and then
subsequently re-emission at a lower wavelength seems to be the best explanation for
the broadening and bathochromic shift with increased colloid concentration. More
research should be done to further clarify the source of spectral shit possibly through
time-resolved fluorescence.
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Chapter 5
Conclusions and Discussion
5.1

Conclusions to Date
A new methacryalate based oxadiazole monomer, mPBD, has been successfully

synthesized. The new monomer was copolymerized with VK to form random copolymers. The NMR and UV-Vis spectra for the homopolymers overlapped making it
impossible to utilize these methods in copolymer composition determination. FT-IR
had two unique peaks, making it possible to determine copolymer composition. The
glass transition of the copolymers follows the Fox equation, indicating a lack of preferential interactions between similar and dissimilar pendant groups. OLED devices
containing copolymers of varying composition were fabricated and tested. Copolymer
devices surpassed the 100 cd/m2 mile stone but failed to reach the 1 cd/A milestone.
The copolymer with a 0.501 mole fraction VK proved to give the highest luminance
and luminous efficiency. There was a shoulder in the current versus luminance plots
for all the devices that perform best that might be due to a rearrangement due to the
device heating up during working conditions.
Homopolymer colloids of PVK and PmPBD were successfully synthesized and
34

their corresponding colloidal copolymers were synthesized as well. The copolymer
colloids exhibited an odd photoluminescent shift and broadening with colloid concentration. In more dilute colloidal regimes the spectra maxima aligned with the spectra
of the dissolved polymer. As colloid concentration increases the spectra shifted until
the maxima aligned with the spectra of films of the colloid. Reabsorption and then
subsequently re-emission at a lower wavelength seems to be the best explanation for
the broadening and bathochromic shift with increased colloid concentration.

5.2

Recommendations for Further Research
As discussed in the conclusions there are further areas to improve on the

copolymers containing oxadiazole and carbazole pendant groups. Current thin film
OLEDs have yet to reach the luminous efficiency desired and the colloidal systems
still have much more work to realizing their potential as an electroluminescent ink.
Future work considerations include:
• Systematically change the electron withdrawing characteristics of the oxadiazole
monomer.
• Examine the effect of different carbazole monomers.
• Polymerizing the dye along with the oxadiazole and carbazole monomers.
• Roll to roll printing of electroluminescent colloids
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Figure 5.1: The predicted HOMO and LUMO values for alternate oxadiazole compounds as compared to common cathode materials. Energy levels were calculated via
density functional theory with a 6-31* basis set.
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5.2.1

Change oxadiazole electron withdrawing characteristics
The synthetic route (figure 3.1) to the oxadiazole monomers was chosen for

its high yields and ease of changing the moieties neighboring the oxadiazole group.
Calculations are being done in our group for the predicted highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) values of new
oxadiazole monomers. The calculation method utlizes density functional theory with
6-31G* basis set and the three-parameter hybrid exchange function of Beckel and
Lee-Yang-Parr correlation function (B3LYP). The predicted values will be used to
determine the oxadiazole monomers with the highest probability of producing more
efficient devices. Several adjacent moieties for the oxadiazole are being considered
including: napthyl, phenyl, biphenyl, pyridine [39], pyrimidine [39], thiophene [4,
25],and furan [25]. Through changing the adjacent moieties for the oxadiazole unit,
the electron withdrawing characteristics can be tailored. This effect is reported in
Wang et al., where a small molecule oxadiazole containing pyrimidine had LUMO
values farther from vacuum than an oxadiazole containing pyridine. [39] The goal is to
produce an oxadiazole monomer with a LUMO close to the work function of calcium
(cathode) which will decrease the energy barrier from the cathode to polymer as
shown in figure 5.1. This figure compares two new monomers with the standard small
molecule PBD to determine which monomer would be a more efficient replacement
to the small molecule. In this case mtBuBPD would theoretically have less resistance
to electron injection and should lead to more efficient devices. The idea is to utilize
density functional theory to select a small group of monomers that should exceed
those currently used by optimizing the electron transport. New oxadiazole monomers
will go through the same characterization and testing that has been done on mPBD.
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Figure 5.2: 3-(2-benzothiazolyl)-7- (N-2-acryloylethyl- N-ethylamino) coumarin

5.2.2

Effect of different carbazole monomers
The carbazole moiety in VK (figure 1.1) is constrained next to the polymer

backbone. An alternate carbazole monomer of interest and being researched in our
group is MMAK (figure 2.5). In MMAK the carbazole ring is separated from the backbone by a flexible linkage giving the ring more room to move and possibly lead to
better distribution of the carbazoles. A second advantage for MMAK is the methacrylate backbone. The oxadiazole and carbazole monomers sharing similar backbones
have more compatible monomer reactivity ratios that will facilitate copolymerization.
To predict the most compatible oxadiazole and carbazole monomer pairs, calculations
for HOMO and LUMO values of VK and MMAK are being calculated along with the
new oxadiazole monomers.

5.2.3

Incorporation of a dye in the copolymer
The phosphorescent and fluorescent dyes utilized in donor-acceptor devices is

often less than ten percent loading but the small molecules still experiences crystal-
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lization, aggregation, and intermolecular quenching effects. [8] Recent research has
developed dyes with monomeric units to allow polymerization of the dye through
conventional methods. [12, 8, 1, 6, 10, 2] The specific chromophore of interest is a
coumarin-6 containing acrylate (figure 5.2) that has a similar back bone to mPBD,
which would facilitate copolymerization. Copolymerization would lead to uniformly
dispersed chromophores that produce higher fluorescent quantum efficiency [10] and
higher device external quantum efficiency [12] with lower doping level. This is also a
key point for the development of electroluminescent inks since it would be inefficient
to post add the dye to the colloids which would lead to quenching. It makes more
sense to make a terpolymer colloid via emulsion polymerization.

5.2.4

Roll to Roll printing of electroluminescent colloids
With the rapid progression from CRT to LCD technologies, the prospect of

paper-thin, low-power consumption, angle-independent, printable display devices becomes increasingly attainable. There is an inherent challenge in transitioning traditional semiconductor technology, such as lithography, spin-coating, or thermal evaporation, to the fabrication of very large-scale display devices, where roll-to-roll or
ink-jet printing techniques may be more technologically and economically appropriate. These latter high-throughput printing techniques exploit inks which are typically
composed of colloidal particles dispersed in a multi-component solvent-phase. Our
group has extensive experience in utilizing commercial roll-to-roll printing techniques
to fabricate the active component in electrochromic devices. It has been previously
shown by our group that poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT:PSS), poly(vinyl alcohol), ethylene glycol and sodium dodecal sulfate can
be dosed into the electroluminescent colloids and then successfully roll-to-roll printed
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at 25 meters per minute. [14] Previous work utilized the mini-emulsion process to
synthesize the electroluminescent colloids which produces particles with a large polydispersivity. Future work would focus on comparing the polydisperse colloid electroluminescent inks with the monodisperse colloidal electroluminescent inks synthesized
via the methods described in this document.
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Appendices
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Figure 3: 1 H NMR Spectrum of 5-(4-methoxyphenyl)-2H-tetraazole.
1
H NMR (300 MHz, (CD3 )2 SO4 ): 8.01 (2H, d, C6 H4 , J 8.9Hz), 7.18 (2H, d, C6 H4 , J
8.9Hz), 3.86 (3H, s, CH3 )

42

Figure 4: 1 H NMR Spectrum of 2-(1,1’-biphenyl)-4-yl-5-(4-methoxyphenyl)-1,3,4oxadiazole
1
H NMR (300 MHz, CDCl3 ): 8.16 (2H, d, C6 H4 , J 8.3Hz), 8.07 (2H, d, C6 H4 , J
8.9Hz), 7.73 (2H, d, C6 H4 , J 8.6Hz), 7.64 (2H, d, C6 H5 , J 7.2Hz), 7.51-7.35 (3H, m,
C6 H5 ), 7.02 (2H, d, C6 H4 , J 8.9Hz), 3.87 (3H, s, CH3 ).
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Figure 5: 1 H NMR Spectrum of 4-(5-(1,1’-biphenyl)-4-yl-1,3,4-oxadiazol-2-yl)phenol
1
H NMR (300 MHz, DMSO): 10.40 (1H, s, OH), 8.17 (2H, d, C6 H4 , J 8.6Hz), 8.00
(2H, d, C6 H4 , J 8.9Hz), 7.91 (2H, d, C6 H4 , J 8.6Hz), 7.77 (2H, d, C6 H5 ,J 6.9Hz),
7.57-7.40 (3H, m, C6 H5 ), 7.02 (2H, d, C6 H4 ,J 8.9Hz).
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Figure 6: 1 H NMR Spectrum of 4-(5-(1,1’-biphenyl)-4-yl-1,3,4-oxadiazol-2-yl)phenyl
2-methylacrylate
1
H NMR (300 MHz, CHLOROFORM-d) d ppm 2.09 (s, 3 H) 5.82 (s, 1 H) 6.40 (s,1
H) 7.34 (d, J=8.77 Hz, 2 H) 7.40 - 7.52 (m, 3 H) 7.64 - 7.69 (m, 2 H) 7.77 (d, J=8.54
Hz, 2 H) 8.20 (d, 2 H) 8.23 (d, 2 H)
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